Using electromagnetic flow transducers on the circumflex branch of the left coronary artery in anesthetized dogs and in conscious dogs, we examined the effects of repeated brief coronary artery occlusions on reactive hyperemic responses and those of injected vasodilators given before the occlusions and in the immediate postreactive hyperemic period on coronary blood flow responses. Three successive occlusions (4 or 8 seconds) at 1-minute intervals were accompanied by decreasing reactive hyperemia; the full response was restored after 5 minutes. Beta-receptor blockade reduced resting coronary blood flow, blood pressure, and heart rate, but it did not change this response pattern. When injections of adenosine, glyceryl trinitrate, or papaverine were given before and after a sequence of a 4-second and an 8-second occlusion performed 1 minute apart, the postocclusion vasodilator responses were reduced for up to 3 minutes. We concluded that the coronary vascular reactivity in the immediate postreactive hyperemic period was temporarily reduced. The mechanisms are not understood, but the results suggest that the reduced reactivity was not due to the depletion of a vasodilator metabolite produced during ischemia or to the development of tachyphylaxis to the coronary vasodilating action of adenosine. Also, the reduction in reactivity was not mediated through beta action of catecholamines.
• Marked reactive hyperemia occurs following brief periods of coronary artery occlusion (1, 2) , and the increase in coronary blood flow is reproducible for a given period of occlusion provided that the preocclusion coronary blood flow does not change (1, 2) . In our earlier studies (3, 4) these observations were confirmed in anesthetized dogs and in conscious dogs. In the present studies, we noted that successive occlusions of the same duration produced a smaller response on the second or third occlusion if the interval between them was short, even though preocclusion coronary blood flow, heart rate, and blood pressure were the same.
Methods

EXPERIMENTS IN ANESTHETIZED DOGS
Experiments were performed on 13 anesthetized dogs, 3 greyhounds and 10 mongrels (15-29 kg), and 5 conscious greyhounds (19-25 kg) . In the acute preparations anesthesia was induced with sodium thiopental (20 mg/kg, iv) and maintained with a nitrous oxide-oxygen gas mixture (1.5:1.0) and sodium pentobarbital. After an initial injection of sodium pentobarbital (30 mg/kg, iv), subsequent doses were given if spontaneous respiration developed. During anesthesia body temperature was maintained at approximately 37° C by passing the nitrous oxide-oxygen gas mixture through a humidifier. The temperature of the humidifier was regulated by an endotracheal thermistor calibrated to provide zero output at 37°C. Arterial Po 2 was monitored during anesthesia and ranged from 100 to 210 mm Hg.
A left thoracotomy was performed through the fifth intercostal space, the pericardium was incised, and the heart was suspended in a pericardial cradle. The circumflex branch of the left coronary artery was dissected free for approximately 2-3 cm in an area where there were no major perforating branches. An In Vivo electromagnetic flow transducer (model FT2HS) with an internal diameter of 3 or 4 mm was placed around the artery and a pneumatic cuff, 5 mm wide, was placed 3-5 mm distal to the flow transducer. Two polyvinyl catheters (1 mm, i.d., 2 mm, o.d.) were inserted directly into the left atrium-one for drug administration and one for pressure measurement. Another catheter was passed into the abdominal aorta through the femoral artery for measurement of arterial blood pressure.
Coronary blood flow (CBF) was measured using a E.M.I, electromagnetic flowmeter (SFMB1, type 28) with a signal-to-noise voltage ratio of 70 to 1, a longterm base-line drift of less than 2%, and a calibration accuracy when calibrated for full-range deflection of better than ±1% (5) . Intravascular pressures were measured with Statham pressure transducers (model 268 EIKENS, WILCKEN P23DB). Flow, pressures, and standard lead I of the electrocardiogram were recorded on a photographic recorder (Electronics for Medicine DR8). After completing the experiments, the flow transducer was removed and calibrated. An artery of appropriate size was passed through the transducer, and blood removed from the dog under study was drained through the artery under gravity into a measuring cylinder. By adjusting the stopcock tied in the distal end of the artery, blood flow rate was varied while the output of the flowmeter was recorded.
Reactive hyperemic responses were obtained by rapidly inflating the pneumatic cuff to a level which produced zero flow, maintaining the inflation for 4 or 8 seconds, and then rapidly deflating the cuff. An Aupette syringe was used for inflating and deflating the pneumatic cuff. Flow debt, reactive hyperemic flow, and repayment of flow debt were calculated as described by Coffman and Gregg (1) .
Flow debt = control flow rate X duration of occlusion; Reactive hyperemic flow= (integral of the flow curve during reactive hyperemia) -(control flow rate X duration of reactive hyperemia); Percent repayment of flow debt = (reactive hyperemic flow/flow debt) X 100. To determine how reactive hyperemic responses were affected by changing the time intervals between occlusions, repeated 4-second or 8-second occlusions or combinations of these, allowing different time intervals between occlusions were performed. There was a recovery period of at least 10 • minutes between experiments. Reactive hyperemic responses were compared only if preocclusion CBF, blood pressure, and heart rate were all within ± 5% of each other. Blood pressure and heart rate showed no significant change before or during the period of reactive hyperemic flow.
DRUG STUDIES
All occlusion sequences were repeated after betareceptor blockade was produced by left atrial injections of propranolol, 0.1 mg/kg (12 experiments in five dogs) or 1.0 mg/kg (6 experiments in three dogs), given over 5 minutes. Beta-receptor blockade was confirmed by comparing CBF and blood pressure responses to bolus injections of isoproterenol (1.0 fig) into the left atrium before and after propranolol administration. Before the administration of propranolol, left atrial injections of isoproterenol increased CBF by 83 ± 7.0% (SE), decreased mean blood pressure by 24 ± 2 . 3 * (SE), and increased heart rate by 20 ± 4.3%. After injection of 0.1 mg/kg of propranolol, the same dose of isoproterenol increased CBF by 13 ± 3.7%; after injection of 1.0 mg/kg of propranolol, the increase was only 5 ± 1.7%. Left atrial injections of isoproterenol had no effect on mean blood pressure after the injection of 0.1 or 1.0 mg/kg of propranolol. After injection of 0,1 mg/kg of propranolol the same dose of isoproterenol increased heart rate by only 5%; isoproterenol had no effect on heart rate after an injection of 1.0 mg/kg of propranolol.
To assess vascular reactivity in the immediate posthyperemic period a series of bolus injections of adenosine (0.025-0.1 mg), glyceryl trinitrate (10 ug), and papaverine (500 fig) were administered at intervals b,efore and after sequences of coronary artery occlusions. All injections were given into the left atrium. The postocclusion series of injections was commenced 1 minute after the last occlusion; by that time postocclusion CBF had returned to ± 5% of the preocclusion value. Doses of adenosine (0.025-0.1 mg) were chosen so that they produced peak CBF responses similar to those occurring after 4-second coronary artery occlusions. Five injections of adenosine and papaverine were given at 1-minute intervals, but only three injections of glyceryl trinitrate (10 jig) were given at 2-minute intervals because of its longer cardiovascular effects. The drugs were given in random order except that propranolol was always given after all other studies had been completed.
To determine whether the repeated occlusions produced histological changes or myocardial edema, duplicate specimens of left ventricle were excised from areas supplied by the circumflex branch of the left coronary artery and from control areas supplied by the anterior descending branch of the left coronary artery after all other experiments had been completed. To estimate left ventricular water content, major arteries and adipose tissue were first removed from the specimens; the specimens were then finely divided with scissors, weighed, dried in a constant-temperature oven at 45°C for 5 days, and reweighed as previously described (3, 4) . The mean loss in weight of the two samples expressed as a percent of the original weight was the percent of tissue water in the original specimen (6) . Specimens for light microscopy were fixed in 10% buffered formalin and stained with hematoxylin and eosin and acid fuchsin. Calculated left ventricular water content of the myocardium from areas subjected to repeated ischemia was 78,4 ± 3.1% (SE), and from control left ventricular myocardium it was 78.2 ±. 2.9%. These values are within the normal range reported by Jennings et al. (7) . Neither myocardium obtained from areas subjected to the repeated brief periods of ischemia nor control left ventricular myocardium showed any abnormality when examined by light microscopy.
EXPERIMENTS IN CONSCIOUS DOGS
To eliminate the effects of anesthesia, experiments were also performed in conscious dogs. Electromagnetic flow transducers and cuff occluders were chronically implanted on the circumflex branch of the left coronary artery as described previously (3). Four-second occlusions of the coronary artery were performed before and 1, 2, and 3 minutes after an 8-second occlusion. Bolus injections of adenosine were also given before and after a sequence of a 4-second and an 8-second occlusion as described for the anesthetized dogs. The experiments were performed with the dogs lying quietly and unrestrained. The brief coronary artery occlusions appeared to cause no distress to the dogs which frequently fell asleep during the study. The dogs were killed 4-9 weeks after insertion of the flow transducers. At necropsy, only pleural and pericardial adhesions were found, and there was no evidence of myocardial Effects of repeated 4-second occlusions at 1-minute intervals on reactive hyperemia, duration of reactive hyperemia, and peak coronary blood flow. CBF = coronary blood flaw, BP = blood pressure, and ECG = electrocardiogram. The numbers under each curve indicate reactive hyperemic flow in milliliters. There was a progressive reduction in responses with recovery after 5 minutes. See text for details. infarction or fibrosis; the circumflex artery was patent throughout.
In the analysis of the results, Student's Mest was used to determine the significance of differences between paired observations in each group of experiments. The results of all group data are expressed as means ± SE. Figure 1 shows a representative experiment in which three 4-second occlusions separated by 1minute intervals were performed; a fourth 4-second occlusion was performed 5 minutes later. There was a progressive reduction in reactive hyperemic flow from 15 ml in the first occlusion to 11 ml in the second occlusion and 9 ml in the third occlusion. The reduction was due to a decrease in peak CBF from 133 ml/min in the first occlusion to 118 ml/min in the third occlusion and to a decrease in the duration of reactive hyperemic flow from 40 seconds in the first response to 25 seconds in the third. Reactive hyperemic flow after the fourth 4second occlusion performed 5 minutes later was virtually the same as that after the first 4-second occlusion (16 ml). There were no significant changes in preocclusion CBF, blood pressure, or heart rate.
Results
EXPERIMENTS IN ANESTHETIZED DOGS
The same pattern of response was obtained when three 8-second occlusions separated by 1-minute intervals were performed. As with the sequence of 4-second occlusions, recovery was complete after 5 minutes. The results obtained in all experiments for both sequences are summarized in Table 1 . There were no changes in left atrial pressure during or after the occlusions, and these values, which were in the normal range, have been omitted. Table 1 shows that the reactive hyperemic responses after the second and third occlusions were progressively reduced for both of the occlusion periods. For the 4-second series percent repayment was 72% and 60% of the control occlusion for the second and the third occlusion, respectively, Using paired observations, the reductions in peak CBF, RHF, percent repayment, and duration of RHF between the first and second and between the second and third occlusions were significant (P < 0.005). Group data were obtained from 15 experiments in six dogs for 8-second occlusions and from 17 experiments in six dogs for 4-second occlusions. Values are means = > = SE. CBF = coronary blood flow, RHF = reactive hyperemic flow, BP = mean blood pressure, and HR = heart rate. and for the 8-second series repayment was 70% and 64%, respectively. These reductions occurred without significant changes in preocclusion CBF, blood pressure, or heart rate. Responses obtained after a recovery period of 5 minutes were not different from the first response in each sequence.
To assess the effect of substituting an 8-second occlusion for the second 4-second occlusion in the sequence of three 4-second occlusions, 4-second occlusions were performed 1 minute before and 1, 3, and 5 minutes after an 8-second occlusion. Figure  2A shows a representative experiment in which a 4second occlusion was followed by an 8-second occlusion and another 4-second occlusion at 1minute intervals. After the first 4-second occlusion, peak CBF reached 142 ml/min, reactive hyperemic flow lasted for 40 seconds, and percent repayment was 529%. After the second 4-second occlusion, peak CBF increased to only 110 ml/min, reactive hyperemic flow lasted for 20 seconds, and percent repayment was reduced to 275%. The reduction in reactive hyperemia occurred when preocclusion CBF, blood pressure, and heart rate were the same as they were during the first occlusion. The mean percent repayment after the 4-second occlusions following the sequence of 4-and 8-second occlusions (55% of control) was slightly less than that following two 4-second occlusions (60% of control). Figure 2B shows a typical experiment in which there was a 5-minute interval before the second 4second occlusion was performed. After the first 4- Effects of 4-second occlusions 1 minute before and 1 (A) and 5 (B) minutes after an 8-second occlusion on reactive hyperemia, duration of reactive hyperemia, and peak coronary blood flow. CBF = coronary blood flow, BP = blood pressure, and ECG = electrocardiogram. The numbers under the curves indicate reactive hyperemic flow in milliliters. See tea, for details. second occlusion, percent repayment was 556%, peak CBF was 132 ml/min, and duration of reactive hyperemia was 39 seconds. The response produced by the second 4-second occlusion was virtually identical; percent repayment was 533%, peak CBF was 131 ml/min, and duration of reactive hyperemic flow was 42 seconds. Preocclusion CBF, blood pressure, and heart rate were the same.
The results in all experiments in which 4-second occlusions were performed at different times after a 4-second and an 8-second sequence were as follows. At 1 minute, reactive hyperemic flow was reduced from 9.7 ± 0.6 ml to 5.5 ± 0.3 ml, peak CBF during reactive hyperemic flow was reduced from 97 ±. 3.9 ml/min to 84 ±3.1 ml/min, percent repayment was reduced from 370 ± 21.4% to 204 ± 11.1%, and duration of reactive hyperemic flow was reduced from 38 ±1.0 seconds to 23 ± 1.2 seconds (26 experiments in nine dogs). At 3 minutes, reactive hyperemic flow was 8.5 ± 0.9 ml, peak CBF during reactive hyperemic flow was 93 ± 6.5 ml/min, percent repayment was 310 ± 2.3%, and duration of reactive hyperemic flow was 35 ± 2.2 seconds (14 experiments in six dogs). All these reductions were significant (P<0.05, or more significant, paired observations). At 5 minutes, the values were not different from the control values (16 experiments in seven dogs). There were no significant differences in heart rate, arterial blood pressure, or left atrial pressure throughout.
DRUG STUDIES
Propranolol-Injections of 0.1 mg/kg and 1.0 mg/kg of propranolol reduced CBF by 9% and 24%, respectively, and heart rate by 15% and 20%, respectively. However, the pattern of response to repeated coronary artery occlusions was the same as that shown in Figures 1 and 2 and Table 1 . When the sequence of three 4-second occlusions was repeated after the administration of propranolol (0.1 mg/kg), the percent repayment was reduced from 254 ±8.5% (first occlusion) to 171 ± 8.5% (third occlusion); for the 8-second occlusions the values were 325 ± 28% and 229 ± 15%, respectively (P < 0.005 for both). For the 4-second occlusions performed before and after an 8-second occlusion the reduction was from 288 ± 28% to 181 ± 18% ( P < 0.0005). With each of these sequences, the full response was restored after 5 minutes. When propranolol (1.0 mg/kg) was given to produce more marked blockade, the results were similar. The smaller percent repayments after propranolol administration were attributed to the lower preocclusion CBF.
Adenosine.-To assess vascular reactivity in the immediate posthyperemic period, a series of bolus injections of adenosine were administered before and after repeated occlusions (see Methods). Preliminary experiments showed that bolus injections of adenosine in doses which did not greatly change blood pressure produced peak flow responses approaching those occurring after 4-second occlusions. Since the introduction of an 8-second occlusion 1 minute after a control 4-second occlusion resulted in a more marked depression of the subsequent reactive hyperemia than did a sequence of two 4-second occlusions, vasodilator responses after the 4-and 8-second occlusion sequence were also investigated. Figure 3A shows the effects of adenosine injections (0.05 mg) on CBF and blood pressure before the coronary artery occlusions. Similar increases in peak CBF (range 127% to 150%) and excess flow over resting levels occurred after each injection. Each injection was accompanied by a transient fall in mean blood pressure, but the pressure returned to control values at least 30 seconds before the next injection. Figure 3B shows the effects of the same series of injections beginning 1 minute after a sequence of a 4-second and an 8second occlusion. The first postocclusion response (80% increase in peak CBF) was only 53% of that obtained with the same dose of adenosine before the coronary artery occlusions. With subsequent adenosine injections, responses increased progres- sively until by the fourth and fifth injections they were the same as those shown in Figure 3A . Table 2 summarizes the results obtained in all experiments performed as described in Figure 3 . The responses to adenosine injections were reproducible before the coronary artery occlusions but were significantly reduced at 1 and 2 minutes after the occlusions. The resting CBF, heart rate, arterial blood pressure, and left atrial pressure (not shown) were not different from preocclusion values. When the adenosine-induced CBF responses were expressed as excess flow above resting level, the reduction in postocclusion values was even more obvious.
Glyceryl Trinitrate.-Eight experiments using glyceryl trinitrate were performed in five dogs. Three injections of glyceryl trinitrate (10 /tg)were given at 2-minute intervals. Fewer glyceryl trinitrate injections were given because of the longer duration of its cardiovascular effects. The postocclusion injections were commenced 1 minute after the 8-second occlusion. Before the occlusions glyceryl trinitrate injections increased peak CBF by 51 ± 2.0%. One minute after the 8-second occlusion the same dose increased CBF by only 39 ± 3.0% ( P < 0.0005). Responses to the second and third postocclusion injections of glyceryl trinitrate were not significantly different from those before the occlusions.
Papaverine.-Five injections of papaverine (500 jug) were given at 1-minute intervals before and after a sequence of a 4-second and an 8-second occlusion as in the adenosine experiments. The postocclusion injections were commenced 1 minute after the 8-second occlusion. Seven experiments were performed in five dogs. Injections of papaverine given before the occlusions produced an increase in CBF of 28 ± 3.1%. One minute after the 8-second occlusion in the 4-and 8-second occlusion sequence the same dose of papaverine produced only a 17 ±3.4% increase in CBF (P < 0.0005); at 2 minutes the increase was 20±3.1% (P<0.0005). Responses to injections at 3 and 4 minutes after the 8-second occlusion were the same as those before the occlusion. As in the adenosine experiments the reduced responses to glyceryl trinitrate and papaverine injections were even more obvious when the responses were expressed as excess flow over resting values.
EXPERIMENTS IN CONSCIOUS DOGS
Four-second occlusions were performed 1 minute before an 8-second occlusion, and the responses were compared with those obtained at 1, 2, and 3 minutes after the 8-second occlusion. At 1 minute there were reductions in reactive hyperemic flow (8.9 + 0.7 ml to 6.1 ±0.6 ml), peak CBF during reactive hyperemic flow (126 ±4.1 ml/min to 100 ±3.1 ml/min), percent repayment (320 ±26.8% to 220 ± 18.2%), and duration of reactive hyperemic flow (25 ±0.8 seconds to 18 ± 0.7 seconds) ( P < 0.05, or more significant, for each reduction, 12 experiments in five dogs). At 2 minutes reactive hyperemic flow, peak flow during reactive hyperemia, percent repayment, and duration of reactive hyperemia were all still reduced (P < 0.05, or more significant, for each reduction, 11 experiments in five dogs). There were no significant differences in preocclusion CBF, heart rate, or blood pressure throughout.
Five experiments in which adenosine was given before and after a sequence of a 4-second and an 8second occlusion were performed in two conscious dogs, two experiments in one dog and three in the other. The peak increase in CBF produced by repeated injections of adenosine (0.05 mg) was 123 ±8% (range 119% to 128%). The same dose of adenosine given 1 minute after the 8-second occlusion produced an increase in CBF of only 85 ±5% (range 77% to 92%, P < 0.005). With subsequent adenosine injections the increase in CBF returned to preocclusion values by the fourth and fifth minute. As in the anesthetized dogs, the results were more obvious when they were expressed as excess flow over resting levels. Right atrial pressure was measured in these dogs; it was in the normal range and did not change during or after the occlusions or the adenosine injections.
Discussion
Reactive hyperemic responses are reproducible for a given brief occlusion period if preocclusion CBF is not different (2) (3) (4) 8) . Our results suggest that there is a period after CBF has returned to preocclusion values during which both reactive hyperemic responses and vascular reactivity are reduced. This phenomenon was demonstrated by the reduced responses to both coronary artery occlusions and left atrial injections of adenosine, glyceryl trinitrate, and papaverine. The findings were similar in conscious dogs and anesthetized dogs, suggesting that they were unrelated to the effects of anesthesia.
Various theories have been proposed to explain reactive hyperemia in the myocardium (9) (10) (11) (12) (13) . The metabolic theory suggests that transient ischemia is followed by the release of vasodilator metabolites (10); there is considerable evidence that an important metabolite may be adenosine (13) . Reduction of reactive hyperemia after repeated brief coronary artery occlusions may reflect diminished amounts of a hypothetical vasodilator. Recovery in 5 minutes would be in accord with the return of the functional capacity of the myocardium for metabolite production. In this case, decreased responses to injected adenosine, papaverine, and glyceryl trinitrate would not be expected to occur. These latter observations suggest that reduced coronary vascular reactivity originates in the vessels themselves.
An alternative explanation for the reduced reactive hyperemic responses may be the development of tachyphylaxis to one or more vasodilator metabolites produced during repeated episodes of ischemia. A reduced response to injected adenosine after coronary artery occlusions may indicate a reduced response to adenosine released during the preceding occlusions; but this reduced response did not occur with repeated injections of adenosine before the occlusions. Moreover, reduced responses to injected glyceryl trinitrate and papaverine in the posthyperemic period cannot be explained on the basis of tachyphylaxis to metabolites produced by the myocardium.
Oxygen may be involved in the regulation of CBF through a direct effect on vascular smooth muscle in addition to its indirect effect on myocardial or coronary artery smooth muscle metabolism (14-18). Fam and his associates (19) found transient small increases in myocardial Po 2 during reactive hyperemia after occlusion periods of 30-90 seconds, and Sayen and his associates (20) found these increases after occlusion periods as short as 15 seconds. Also Olsson and Gregg (21) found that coronary sinus Po 2 was elevated after a 15-second occlusion and took up to 90 seconds to return to control values. Coronary artery occlusions performed when myocardial Po 2 is increased result in smaller oxygen deficits and reduced reactive hyperemic responses; also increases in Po 2 produce vasoconstriction in isolated coronary arteries (15) . But in the studies of Fam et al. (19) and Sayen et al. (20) the elevation of myocardial Po 2 did not outlast the increase in CBF. Therefore, it is unlikely that our finding of reduced coronary vascular reactivity was due to increased tissue Po 2 ; occlusion periods were much shorter, CBF had returned to preocclusion levels at least 10-15 seconds before reduced coronary vascular reactivity was demon-Circulation Research, Vol. XXX1U, September 1973 strated, and reduced responses persisted for at least an additional 2 minutes.
Myocardial contractility is transiently increased during reactive hyperemia due to the release of catecholamines from the myocardium during or after ischemia (22, 23) . Because beta-receptor blockade did not alter the pattern of the response, it is unlikely that the beta actions of the catecholamines were involved. Also it is unlikely that myocardial contractility was different at the time of the altered responses. Changes in CBF and left atrial pressure would have been expected had there been any substantial change in myocardial contractility, yet these variables were maintained at control levels.
The myogenic properties of vascular smooth muscle are also thought to be important in the reactive hyperemic response (24, 25) . According to the myogenic hypothesis, when an occluded coronary artery is released, intravascular pressure increases and stretches the released muscle in the precapillary arteriole; stretching increases the frequency and force of contraction of smooth muscle cells in the vessel walls, reducing arteriolar diameter (24, 26, 27) . Although resting CBF and perfusion pressure were at control levels when vascular reactivity was reduced, altered vasomotion could have been present (24) and the reduced vascular reactivity could have been due to altered myogenic responses. However, we have no data from our experiments to support these possibilities.
Our results suggest that the reduction in the reactive hyperemic responses following repeated coronary artery occlusions is due to a period of decreased vascular reactivity in the immediate posthyperemic period. Decreased vascular reactivity occurs at a time when CBF has returned to preocclusion values and persists for approximately 3 minutes in anesthetized dogs and for at least 1 minute and less than 3 minutes in healthy conscious dogs. We have been unable to define the mechanisms involved in this phenomenon, although it does not appear to be due to progressive depletion of a vasodilator metabolite produced during ischemia, to development of tachyphylaxis to the coronary vasodilating action of adenosine, or to beta effects of catecholamines.
